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1 INTRODUCTION 
Aquatic vegetation in streams is common and 
plays significant roles in physical and ecological 
processes. It affects magnitudes and spatial distri-
butions of mean velocities and turbulence proper-
ties and thus often controls transport of water (i.e., 
channel conveyance capacity), sediments, nu-
trients and contaminants. In recent years, a num-
ber of extensive studies exploring turbulence 
structure within a vegetation canopy and in the 
flow region above have been conducted advancing 
the understanding of flow-vegetation interactions, 
e.g., Nepf & Vivoni (2000), Wilson et al. (2003), 
Poggi et al. (2004), Järvelä (2005), Sukhodolov & 
Sukhodolova (2006), Nepf et al. (2007), Velasco 
et al. (2007), Maltese et al. (2007), Nepf & Ghi-
salberti (2008), Nezu & Sanjou (2008), Righetti 
(2008), Okamoto & Nezu (2009), Stoesser et al. 
(2009). It has been found that a key feature of 
flow-vegetation interactions is the generation of a 
shear layer at the border between aquatic vegeta-
tion and the overlying water flow. The thickness 
of this interface region is controlled by the flow 
and plant characteristics and can be estimated by 
the distance of flow penetration into the vegeta-
tion canopy. The experimental and theoretical 
studies suggest that the penetration distance 
should be considered as an integral measure of the 
flow-vegetation interactions that may be success-
fully used in a number of ways. These may in-
clude, among others, determination of the effec-
tive bed roughness, zero-plane displacement, 
separation of the canopy into regions of ‘vertical’ 
and ‘horizontal’ exchange of scalar and momen-
tum, and longitudinal dispersion in vegetated 
channels, Nepf & Vivoni (2000), Nepf et al. 
(2007). Although the cited studies have signifi-
cantly advanced the understanding of flow pene-
tration into vegetation canopies, they relate to 
quite limited ranges of driving parameters (e.g., 
flow submergence, vegetation morphology and 
density, plant flexural rigidity) and considerable 
knowledge gaps remain.  
The key objectives of this paper, therefore, in-
clude: (1) revision of the existing and considera-
tion of new definitions for flow penetration dis-
tance and their estimates and comparisons; and (2) 
experimental assessment of the effects of charac-
teristic turbulence scales and energy on flow pe-
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netration parameters. The focus of our study is on 
the ranges of flow submergence and vegetation 
density which well exceed the ranges already stu-
died by other researchers.  
2 BACKGROUND 
Based on an experimental study of depth-limited 
vegetated flow, Nepf & Vivoni (2000) proposed 
that the vegetation canopy may be subdivided into 
two regions with distinctly different mechanisms 
of flow forcing, turbulence production, and ex-
change with surrounding waters. The upper region 
(“upper canopy”) is largely controlled by the ver-
tical turbulent momentum flux while the lower re-
gion (“lower canopy”) is predominantly pressure- 
or gravity-driven. Turbulence in the upper canopy 
is generated by the shear layer at the canopy top. 
The mechanism of turbulence production within 
the lower canopy is different and is mainly due to 
flow separations in plant wakes. The exchange 
with surrounding waters within the lower canopy 
is dominated by longitudinal advection, while in 
the upper canopy – by vertical turbulent exchange. 
Following Raupach et al. (1996), Nepf and Vivoni 
(2000), Ghisalberti & Nepf (2002, 2004), and 
Nepf et al. (2007) suggested that the penetration 
distance of the turbulent stress into the canopy is 
controlled by the vortices generated at the canopy 
top due to the Kelvin-Helmholtz (KH) instability. 
These vortices are known as ‘mixing-layer vor-
tices’ as opposed to the ‘boundary-layer vortices’. 
As a measure of penetration, Nepf and Vivoni 
(2000) proposed the “penetration depth”, ph , that 
is defined as the distance from the bed to the point 
where turbulent stress decays to 10% of its maxi-
mum value (Figure 1). Another useful measure, 
suggested in Nepf et al. (2007), is the distance eδ  
from the top of the canopy to the level where tur-
bulent stress diminishes to 10% of its peak value, 
i.e., e c ph hδ = −  (see definitions in Figure 1). Wil-
son et al. (2003) introduced a length scale of vor-
tex penetration, similar to eδ , that they defined as 
the thickness of the active momentum exchange 
layer. Several follow up studies have also high-
lighted that the penetration depth ph  (or distance  
eδ ) is an integral measure of momentum and sca-
lar transfer into vegetation, e.g., Velasco et al. 
(2007), Nezu & Sanjou (2008), Okamoto & Nezu 
(2009). Quantitative estimates of ph  and eδ  in 
these studies are based on a “10% technique” ap-
plied to the ' 'u w  profiles as originally suggested 
by Nepf and Vivoni (2000).  
Although Nepf and Vivoni’s (2000) ' 'u w -based 
technique is physically appealing there are other 
possible options. They may include determination 
of the penetration distance (or depth) using verti-
cal distributions of other components of the Rey-
nolds stress tensor or their combinations (e.g., 
normal stresses and the total turbulent energy). In 
addition, the penetration distance (or depth) can 
also be assessed using the zero-plane displace-
ment d as was suggested in Nepf and Vivoni 
(2000). We consider the penetration distance eδ  
more appropriate than ph  or d, as it directly 
measures the penetration of large eddies into 
vegetation canopies (Figure 1) and does not re-
quire the existence of the logarithmic layer which 
is a prerequisite for d. 
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Figure 1. Definition sketch: H  is water depth; 
c
h  is def-
lected canopy height; o cH H h= −  is the depth of over-
flow; mean velocity U  and turbulent stress ' 'u w  profiles are 
shown by solid and dashed lines, respectively; eδ  is the pe-
netration distance of the large eddies into the canopy; ph  is 
the penetration depth; solid circles  show 2*2u  and 
2
*3u  defi-
nitions.  
In this paper we first explore alternative ways for 
defining eδ  and how they relate to the ' 'u w -based 
estimates. Then, we asses the effects of the turbu-
lence scales and energy on flow penetration dis-
tance, following a general relation: 
( , , , , , , , )e BL BL ML ML W Wf L K L K L K gδ ν=  (1) 
where BL o cL H H h∝ = −  is the boundary-layer-
eddy scale, ML cL h∝  is the mixing-layer-eddy 
scale, WL w∝  is the wake-turbulence-eddy scale 
( w  is stem/leaf width), 2*BLK u∝ , 2*MLK u∝  and 2
*WK u∝  are turbulent energies associated with 
BL oL H∝ , ML cL h∝ , and WL w∝ , respectively 
( *u  is the shear velocity), g is gravity, and ν  is 
fluid viscosity. Effects of vegetation density, mor-
phology, and rigidity are not explicitly included in 
(Eq. 1) as their study is outside the scope of this 
paper. From (Eq. 1) it follows: 
2 2
** * *( , , , , )
( )
e c c
c c c c
H h u hu u u w
f
h h g H h gh
δ
ν ν
−= −  (2) 
Effects of arguments of (Eq. 2) on the penetration 
distance will be explored in section 4 while sec-
tion 3 will outline experimental data and proce-
dures. 
oH
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3 EXPERIMENTS AND METHODS 
3.1 Experimental set up 
Laboratory experiments were carried out in a 12.5 
m long and 0.3 m wide rectangular glass-sided 
tilting flume at the Fluid Mechanics Laboratory of 
the University of Aberdeen (Figure 2). An adjust-
able weir located at the discharge tank have been 
used to minimize backwater effects and extend the 
section of quasi-uniform flow for a given bed 
slope. Ten piezometric intakes tapped in the cen-
tre line of the flume bed were used to measure wa-
ter surface slope. The water discharge was meas-
ured by an orifice flowmeter installed in the pump 
discharge pipe. The water depth, H, and deflected 
canopy height, ch , were measured at ten evenly-
spaced cross-sections using decimal rulers, which 
were glued to the glass side wall of the flume. 
The flume bed was fully covered by artificial 
flexible garden grass made of polyethylene 
(Figure 2), with grass areal density of 15000 
plants/m2. Each plant consisted of 16 stems and 
had a shape similar to a bush (Figure 3). The 
height vh , width w, and thickness t of each stem 
of 13 randomly selected plants (208 stems in total) 
were measured using digital Vernier scale with 
uncertainty 0.01 mm, giving averaged values as 
vh =35.9 mm, w=1.1 mm, and t=0.2 mm, respec-
tively. Using the size distributions of stems, the 
frontal area per unit volume (Figure 3) was esti-
mated at zΔ =0.5 mm intervals as:  
( )sii
b b
w zN w
a F s
A z A
Δ= Δ Δ  (3) 
where ia  is the total frontal area within i
th zΔ -
interval at a distance i zΔ  from the bed, w is the 
stem width, bAΔ  is bed area associated with one 
stem, siN  is the number of stems within a repre-
sentative area Ab at i zΔ , ( )F s  is cumulative dis-
tribution function of stem lengths s. For the near 
bed part of the plant (lowest 1.5 mm) it was as-
sumed that all stems were joined closely together 
forming a flexible ‘rod’ of 3 mm in diameter. For 
our experimental grass, the maximum and average 
frontal areas per unit volume were 265 m-1 and 
212 m-1, respectively. The stem flexural rigidity 
was determined as 83.36 10J EI −= = ×  Nm², 
where E is the modulus of elasticity, and I is the 
second moment of area.  
Five sets of experimental runs were conducted 
for a range of flume bed slopes from 0.05% to 
0.3%. For each bed slope, six experiments with 
flow rates from 10 l/s to 35 l/s were completed 
giving in total 30 experimental runs (Table 1). 
The water depths in the experiments ranged from 
11.9 cm to 40 cm, which corresponded to relative 
submergence / cH h  from 3.5 to 11.8 and to aspect 
ratio B/H from 0.8 to 2.5 (B is channel width). For 
this range of B/H, noticeable secondary currents 
due to the rectangular flow geometry should be 
expected above the canopy, Nezu & Nakagawa 
(1993). Although the secondary currents are an 
inherent feature of most studies of submerged 
vegetation (e.g., B/H=0.9 – 2.4 in Nepf & Vivoni, 
2000, or B/H=1.7 – 3.9 in Wilson et. al., 2003), 
their potential effects remain to be properly as-
sessed. Before that we have to assume, similar to 
other authors, that the impact of the secondary 
currents on our findings is not significant. 
 
Table 1. Ranges of experimental parameters.  
Sb, % Q, l/s H/hc 
Re=UH/v 
(x105) 
Fr= 
U/(gH)1/2 
0.05 - 0.30 10 - 35
3.5 - 11. 
8 0.34 - 1.17 0.1 - 0.4
 
Figure 2. Experimental set-up and a measurement hole with-
in the vegetation canopy. 
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Figure 3. Profile of the vegetation density, a. 
To measure velocities, a three-component Nortek 
down-looking Acoustic Doppler Velocimeter 
(ADV) was used. The streamwise, lateral and ver-
z=hc 
c
z
h
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tical coordinates are denoted as x, y and z, respec-
tively, with z=0 at the flume bed. The correspond-
ing time-averaged velocity components and turbu-
lent fluctuations in each direction are defined as 
U, V, W and u’, v’, w’, respectively. The trial ex-
periments showed that because of the high grass 
density the removal of 4 plants from a small area 
of approximately 2 cm by 2 cm was required, to 
allow measurements within a canopy. The vertical 
distributions of the time averaged signal-to-noise 
ratio (SNR) were used to determine the optimal 
measurement position over the measurement hole. 
This was identified at the position of the reduced 
values of SNR. Similar procedure was used by 
Maltese et al. (2007). Stephan & Gutknecht 
(2002) used an analogous technique to determine 
the deflected plant height. To investigate effects 
of the plants removal on the velocity statistics pro-
files, the synchronized measurements with 2 
ADVs positioned longitudinally along the channel 
were conducted. First, one ADV was located 
above the measurement hole and the second ADV 
was positioned 20 cm upstream. Then, another set 
of synchronized measurements was taken with the 
second ADV positioned 20 cm downstream of the 
hole, keeping the first ADV above the hole. The 
measurements showed that removal of plants had 
statistically negligible impact upon the measured 
velocity statistics, consistent with Ghisalberti & 
Nepf (2004). All velocity data used in this paper 
were recorded over the measurement hole located 
6 m from the flume entrance and 0.15 m from the 
flume side walls. The sampling duration of 120 s 
at a frequency of 25 Hz with a standard measure-
ment volume of 0.25cm3 were used. Depending on 
the flow submergence and bed slope, the number 
of measuring points in a vertical profile varied 
from 15 to 28, with an average of 24. 
3.2 Estimates of the shear velocity 
As the shear velocity is one of the key parameters 
in relationship (Eq. 2), we explored three ap-
proaches to define it. In our first approach we es-
timated the shear velocity as (e.g., Nikora et al. 
2001): 
*1 ( )o o cu gS H hφ= +  (4) 
where o cH H h= −  is the depth of overflow (Fig-
ure 1), / 0.95 0.96o f cV Vφ = ≈ −  is vegetation po-
rosity, fV  is the volume of fluid within the total 
canopy volume cV . This estimate is equivalent to 
the conventional definition *1 /ou τ ρ= , where 
oτ  is the bed shear stress and ρ  is fluid density.  
The second and third approaches utilize meas-
ured values of the Reynolds stresses ' 'u w  and ' 'v w  
as follows:  
2,3
1/2
2 2 1/2
*2,3
12,3
1 ( ' ' ' ' )
N
i
u u w v w
N =
⎡ ⎤= +⎢ ⎥⎢ ⎥⎣ ⎦∑  (5) 
where 2N  = 4, including two Reynolds stress val-
ues measured just above ch  and two values – 
measured below ch , 3N  = 2, including the highest 
value of the Reynolds stress and the second high-
est one. The preliminary trials showed that aver-
aging over 2N  and 3N  in (Eq. 5) allowed to sig-
nificantly reduce effect of variability. The 
involvement of ' 'v w  in computation of the shear 
velocities (Eq. 5) is to eliminate potential probe 
misalignment effects.  
The estimate *2u  corresponds to the Reynolds 
stress at the top of the canopy while the estimate 
*3u  relates to the maximum of the Reynolds stress 
that in general can occur slightly above or below 
the canopy top (Figure 1). The estimates *2u  and 
*3u  are more suitable as the scales of the momen-
tum flux compared to *1u , which may be biased 
by the drag force, e.g., Järvelä (2002), Pokrajac et. 
al., (2006). The data show that *1u  is greater, as 
expected, than *2u  and *3u . 
 
Figure 4. Comparison of squared shear velocity estimates. 
The correlation between *1u , *2u  and *3u  is high 
(Figure 4) and thus essentially any of them could 
be used in our considerations. The data and inter-
pretations discussed in section 4 are based on *3u  
as most physically transparent, and comparable to 
the previous studies. 
3.3 Estimates of the penetration distance  
In addition to Nepf and Vivoni’s (2000) tech-
nique, in our study we explored estimates of eδ  
based on the vertical distributions of the total tur-
bulent energy ( )0.5 ' ' ' ' ' 'k u u v v w w+ +=  and its 
components ' 'u u , ' 'v v , and ' 'w w  (which are 
normal Reynolds stresses). For each case, eδ  was 
determined at a position corresponding to 10% of 
the maximum value of a particular stress tensor 
component, to keep consistency with Nepf and 
Vivoni’s (2000) ' 'u w -based approach. In princi-
ple, the estimates of eδ  based on different Rey-
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nolds stress components may not coincide as these 
components may have different penetration 
mechanisms. We also compare the obtained esti-
mates to the ‘zero-plane displacement’ d (e.g., 
Nepf and Vivoni, 2000): 
/c c
h h
o o
du w du w
zdz dz
dz dz
d
′ ′ ′ ′= ∫ ∫ , (6) 
although, strictly speaking, this estimate is appli-
cable for the constant-shear stress boundary layers 
only.  
4 RESULTS AND DISCUSSIONS 
Representative vertical profiles of the normalized 
longitudinal velocities U and Reynolds stress 
' 'u w  are shown in Figure 5, where a horizontal 
solid line denotes the deflected canopy height. 
Figure 5a shows that the mean flow velocities 
normalized on *3u  collapse well on a single curve 
within the canopy and a thin region above, up to 
/ 1.5 2.0cz h ≈ − . However, the measured veloci-
ties in the upper flow region demonstrate noticea-
ble divergence, which reflects, most likely, the 
secondary currents effects. The ratio */U u  at the 
canopy top is close to 6.5, on average, varying be-
tween 6 and 7. The convincing approximation of 
the flow velocities in the near-canopy region by a 
logarithmic law was not successful. This is consis-
tent with previous studies, e.g. Nepf & Vivoni 
(2000), Velasco et al. (2007), Wilson et al. (2003). 
The inflection point in velocity profiles is typi-
cally slightly below the canopy top, at around 
/ 0.8 0.9cz h ≈ − . The Reynolds stress ' 'u w  
normalized on *3u  peaks either at the canopy top 
or slightly above it, being within the range 
1.0 / 1.3cz h≤ ≤  (Figure b). The normalized turbu-
lence intensities *3/i uσ  show that positions of 
maximums of *3/u uσ  and *3/v uσ  change from 
slightly below the canopy top at high bed slopes 
to slightly above it at low slopes. The intensity 
*3/w uσ  peaks at around / 1.4cz h ≈  in all cases. 
Combined together, these features are presented in 
vertical profiles of 2*3/k u  (Figure. 5c).  
The estimates of the penetration distance ob-
tained from the measured profiles of the turbulent 
shear and normal stresses and turbulent kinetic 
energy are shown and compared in Figure 6. The 
estimates of eδ  from the shear stresses ' 'u w  are 
most closely correlated with those from the ' 'u u  
profiles (Figure 6b). The penetration distances for 
' 'v v  and especially for ' 'w w  are noticeably 
higher (Figures 6c and 6d). These differences re-
flect, most likely, specific details of penetration 
mechanisms for different velocity components, 
which remain to be investigated. The penetration 
distance based on the total turbulent energy (Fig-
ure 6a) integrates this information and, thus, may 
hide the specific mechanisms related to the indi-
vidual velocity components. The values of d are 
approximately 25-40% lower than eδ  based on the 
Reynolds shear stress (Figure 6e). This slightly 
differs from Nepf & Ghisalberti’s (2008) result 
who found 0.5 ed δ≈ . This difference is probably 
due to significantly higher vegetation density in 
our study. Overall, our analysis demonstrates that 
although the estimates of eδ  by the selected me-
thods are interconnected they are different and, in 
principle, may reflect different aspects of flow-
vegetation interactions. 
 
 
Figure 5. Representative normalized profiles of mean veloc-
ity (a), Reynolds stress (b), and total turbulent kinetic ener-
gy (c), for Sb=0.3%. Deviations of data points marked by an 
ellipse in (c) are not clear, but likely due to the measure-
ments’ noise. 
a) 
b) 
c) 
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Figure 6. Correlations of relative penetration distance, esti-
mated using Reynolds shear stress profiles, with relative pe-
netration distances estimated using vertical profiles of other 
components of Reynolds stress tensor and d from Eq. 6. 
The dependencies of eδ  on the arguments of rela-
tionship (Eq. 2) are shown in Figures 7 to 11. As 
the estimates of eδ  by different methods are rea-
sonably correlated (Figure 6), the plots in Figures 
7 to 11 are based on eδ  from Nepf and Vivoni’s 
(2000) ' 'u w -based approach, to make comparisons 
with the previous studies easier. The plot 
/ (( ) / )e c c ch f H h hδ = −  suggests that the penetra-
tion distance increases with increase in submer-
gence until /o cH h  reaches 5-6 and then it be-
comes constant or even decreases (Figure 7). This 
tendency is consistent with Nezu and Sanjou 
(2008) who demonstrated that /e chδ  in their ex-
periments was growing up to a maximum studied 
submergence, / 4cH h ≈  (i.e., / 3o cH h ≈ ). This 
finding is different, however, from the earlier 
work of Nepf and Vivoni (2000) whose experi-
ments showed saturation in growth of /e chδ  at 
/ 2cH h ≈  (i.e., / 1o cH h ≈ ). The noted discrep-
ancy is most likely relates to the significant differ-
ences in plant morphologies, densities, and rigidi-
ties. The potential effects of the secondary 
currents should not be dismissed too. The physical 
mechanism of the /e chδ  growth at small /o cH h  
presumably relates to the growth of the large scale 
eddies with increasing depth, e.g., Nepf & Ghisal-
berti’s (2008). It also should be noted that the ra-
tio /o cH h  reflects interplay between the depth-
scale and canopy-scale eddies that changes with 
increase in submergence.  
 
Figure 7. Relation between ' ' /u w chδ  and the relative sub-
mergence. Solid line highlights the general trend. 
 
Figure 8. Relation between ' ' /u w chδ  and the ‘depth-based’ 
Froude number. Solid line highlights the general trend. 
The Froude number 2* / ( ( ))cu g H h−  in Figure 8 
can be interpreted as the depth-scale-eddy energy 
per unit length-scale, i.e., as an energy density 
measure of the depth-scale turbulence. The plot 
2
*/ ( / ( ))e c oh f u gHδ =  shows that the penetration 
distance gradually decreases with increase in 
2
* / ( )ou gH , which is unexpected (Figure 8). In-
deed, physical considerations suggest that the 
large-eddy penetration into the canopy should in-
crease with increase in turbulent energy, e.g., 
Nikora et. al. (2002). This discrepancy may be 
explained by the fact that with increase in the en-
ergy of the depth-scale turbulence we also observe 
increase in the energy of the wake-scale turbu-
lence, effect of which can be quantified using 
vegetation Reynolds numbers * /cu h ν  and * /u w ν . 
With increase in these numbers, one should expect 
the enhancement of flow separations from the 
stems leading to increase in ‘turbulent viscosity’ 
that may slow down the penetration of large ed-
dies. Stems’ vibrations, noted in the experiments, 
increase with * /cu h ν  and may also contribute to 
a) b) 
c) d) 
e) 
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this effect. Plots in Figures 9 and 10 are consistent 
with this conjecture. 
 
Figure 9. Relation between ' ' /u w chδ  and the ‘canopy’ 
Reynolds number * /cu h ν . 
 
Figure 10. Relation between ' ' /u w chδ  and the ‘stem’ Rey-
nolds number * /u w ν . 
 
Figure 11. Relation between ' ' /u w chδ  and the ‘canopy-
based’ Froude number.  
The Froude number 2* / ( )cu gh  in Figure 11 can be 
interpreted similar to 2* / ( )ou gH , as the canopy-
scale-eddy energy per unit length-scale, i.e., as an 
energy density measure of the canopy-scale turbu-
lence. The plot 2*/ ( / ( ))e c ch f u ghδ =  suggests that 
this measure was not influential in controlling the 
penetration distance (Figure 11). 
The comparison of our data on the penetration 
distance with the previous studies (Table 2) is 
shown in Figure 12. Here, instead of /o cH h  we 
use / cH h  as most published data report / cH h  
rather than /o cH h . The range of the bulk canopy 
density covered in Figure 12 exceeds 2 orders of 
magnitude while the range of the flexural rigidity 
J=EI of studied artificial plants covers 4 orders of 
magnitude. These wide ranges of the vegetation 
parameters are reflected in a range of /e chδ  from 
0.2 to 0.9. Clearly, the vegetation parameters play 
a significant role in determining the penetration 
distance and have to be involved into considera-
tion. Our attempt to explain variability of /e chδ  in 
Figure 12 using a recently proposed relationship 
/ ( )e c D ch f C ahδ = , Nepf & Ghisalberti (2008), 
was not successful highlighting the need for fur-
ther studies ( DC  is the stem drag coefficient). 
Table 2. Laboratory data used for comparison in Figure 12.  
Experimental study J=EI, Nm2 a, m-1 
Symbol –
Figure 12 
Dunn et al. (1996)  1.1
Wilson et al. (2003) 1.81E-04 1.7
Dunn et al. (1996)  2.5
Okamota & Nezu (2009) 7.30E-05 3.8
Nepf & Vivoni (2000) 1.00E-05 5.5
Okamota & Nezu (2009) 7.30E-05 7.6
Wilson et al. (2003) 1.81E-04 22.4
Present study 3.55E-08 265.0
 
Figure 12. Relation between ' ' /u w chδ  and relative submer-
gence. Solid lines highlight the general trend. 
5 CONCLUSIONS 
The main findings of the study reported in this 
paper can be summarized as follows.  
1. The penetration distance of large-scale tur-
bulence into vegetation canopies can be effective-
ly assessed using vertical distributions of the nor-
mal and shear turbulent stresses. Although the 
estimates of eδ  by the suggested methods are in-
terconnected, their values may differ reflecting 
different aspects of flow-vegetation interactions. 
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The estimates of eδ  from the shear stresses ' 'u w  
are most closely correlated with those from the 
' 'u u  profiles and thus can be used when two-
component velocity measurements are not possi-
ble. 
2. The experimental assessment of the influ-
ence of characteristic turbulence scales and energy 
on flow penetration parameters was made using 
dimensionless numbers characterizing the inter-
play between the depth-scale, canopy-scale, and 
wake-scale turbulent eddies. The data suggest that 
there may be mutually opposing effects leading to 
unexpected behaviors such as the blockage of 
depth-scale eddies by enhanced wake-scale turbu-
lence.  
3. The focus of our study was on the ranges of 
flow submergence and vegetation density which 
well exceed the ranges already studied by other 
researchers. Thus, our data can help in the identi-
fication of the effects missed in previous studies.  
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